Nitric oxide (NO) is integral to macrophage cytotoxicity against tumors due to its ability to induce iron release from cancer cells. However, the mechanism for how activated macrophages protect themselves from endogenous NO remains unknown. We previously demonstrated by using tumor cells that glutathione S-transferase P1 (GSTP1) sequesters NO as dinitrosyl-dithiol iron complexes (DNICs) and inhibits NO-mediated iron release from cells via the transporter multidrug resistance protein 1 (MRP1/ABCC1). These prior studies also showed that MRP1 and GSTP1 protect tumor cells against NO cytotoxicity, which parallels their roles in defending cancer cells from cytotoxic drugs. Considering this, and because GSTP1 and MRP1 are up-regulated during macrophage activation, this investigation examined whether this NO storage/transport system protects macrophages against endogenous NO cytotoxicity in two well characterized macrophage cell types (J774 and RAW 264.7). MRP1 expression markedly increased upon macrophage activation, and the role of MRP1 in NO-induced 59 Fe release was demonstrated by Mrp1 siRNA and the MRP1 inhibitor, MK571, which inhibited NO-mediated iron efflux. Furthermore, Mrp1 silencing increased DNIC accumulation in macrophages, indicating a role for MRP1 in transporting DNICs out of cells. In addition, macrophage 59 Fe release was enhanced by silencing Gstp1, suggesting GSTP1 was responsible for DNIC binding/ storage. Viability studies demonstrated that GSTP1 and MRP1 protect activated macrophages from NO cytotoxicity. This was confirmed by silencing nuclear factor-erythroid 2-related factor 2 (Nrf2), which decreased MRP1 and GSTP1 expression, concomitant with reduced 59 Fe release and macrophage survival. Together, these results demonstrate a mechanism by which macrophages protect themselves against NO cytotoxicity.
Nitric oxide (NO) is a short-lived diatomic effector and messenger molecule (1, 2) that is responsible for a wide range of biological processes, such as macrophage cytotoxicity (3, 4) , carcinogenesis (5) , blood pressure regulation (6) , and neurotransmission (7) . Physiologically, NO is produced by the NO synthase (NOS; EC 1.14.13.39) family of enzymes (8) , which consist of inducible NOS (iNOS), 5 endothelial NOS, and neuronal NOS (9) . This group of enzymes is responsible for the catalysis of the reduced nicotinamide adenine dinucleotide phosphate (NADPH)-dependent conversion of L-arginine and O 2 to L-citrulline and NO (10) .
Although endothelial NOS and neuronal NOS are expressed constitutively in cells, iNOS expression and activity can be stimulated by lipopolysaccharide (LPS) or cytokines such as interferon-␥ (IFN-␥), triggering NO generation in macrophages, and subsequent apoptosis of target pathogens (11) (12) (13) and tumor cells (14 -16) . The metabolic damage inflicted by macrophages on neoplastic cells has been well demonstrated in the seminal studies of Hibbs et al. (15) . These investigators showed that co-cultivation of tumor cells with activated macrophages led to an inhibition of mitochondrial respiration and suppression of DNA synthesis. Furthermore, these effects occurred concomitantly with a significant loss of iron from tumor target cells (64% of cellular iron over 24 h) (15) . The pivotal role of NO in macrophage cytotoxicity has been highlighted by studies demonstrating that the anti-tumor activity of macrophages is replicated by NO gas (3) .
The high affinity of NO for intracellular iron(II) results in the interaction of NO with iron-sulfur clusters in proteins, leading to their degradation and the formation of dinitrosyl-dithiol iron complexes (DNICs (3)). This process is reflected by a substantial loss of iron from tumor target cells (15) . Furthermore, formation of DNICs with the formula Fe(RS) 2 (NO) 2 has been reported in activated macrophages (4) and tumor cells co-cultured with activated macrophages (17) . These complexes are readily detected by electron paramagnetic resonance (EPR) spectroscopy with the unique signal of g ϭ 2.04 (18, 19) . Importantly, DNICs are a highly bioavailable source of iron and NO and constitute a major proportion of the NO adducts within cells (20, 21) , demonstrating their crucial biological relevance.
Studies from our laboratory showed that NO-induced iron efflux, in the form of DNICs, is mediated by the glutathione (GSH) transporter, multidrug resistance protein 1 (MRP1/ ABCC1) (22, 23) . Originally associated with multidrug resistance in cancer as part of the cell detoxification system (24, 25) , MRP1 is also well known to interact synergistically with members of the glutathione S-transferase (GST) protein family to confer resistance to cancer therapeutics (26 -33) . This is important because GSTs catalyze nucleophilic attack of reduced GSH on non-polar compounds, leading to glutathione conjugates that are effluxed out of cells via MRP1 (34, 35) . It has been conclusively demonstrated that GST family members bind dinitrosyl-diglutathionyl iron complexes (DNDGIC) with high affinity (K d 10 Ϫ7 to 10 Ϫ10 M) (36 -39) . Of additional significance, an X-ray crystal structure of the DNDGIC with glutathione S-transferase P1 (GSTP1) has been reported (37) .
Considering the cooperation between MRP1 and GSTs in mediating drug resistance (26 -30, 33) , we showed that GSTP1 can prevent NO-induced iron release by binding DNICs and preventing their release via MRP1 in tumor cells (23) . This effect was demonstrated using cells incubated with NO-generating agents or transfected with iNOS (23) . Further studies using cellular fractionation, fast protein liquid chromatography (FPLC), and EPR spectroscopy demonstrated that DNIC binding by GSTP1 prevented DNIC efflux from tumor cells by MRP1 (23) .
Our laboratory also demonstrated the DNIC-binding/storage function of GSTP1 and the ability of MRP1 to efflux DNIC, which leads to tumor cell resistance against NO challenge (23) . Hence, the storage function mediated by GSTP1 of DNICs and the ability of MRP1 to efflux DNICs are both critical in preventing NO cytotoxicity and constitute an integrated NO storage and transport system (23) . It is notable in this regard that GSH conjugates are transported by MRP1 (40) and that DNICs, composed of GSH, are also a type of GSH conjugate (37) . Collectively, the role of GSTP1 and MRP1 within tumor cells in protecting them from NO by storing and transporting DNICs, respectively, may be similar to their function in preventing drug cytotoxicity.
In view of the cooperative relationship of MRP1 and GSTP1 in protecting human tumor cells against NO, it is notable that MRP1 and GSTs are both positively regulated by nuclear factor-erythroid 2-related factor 2 (NRF2) (41, 42) , a redox-sensitive leucine zipper transcription factor that is activated by NO (43) . Importantly, NRF2 maintains redox homeostasis through the transcriptional regulation of genes related to anti-oxidant protection, detoxification, and inflammation (44 -46) . The role of NRF2 in anti-oxidant defense has been demonstrated in activated macrophages, where it controls the expression of oxidative stress-inducible proteins, including heme oxygenase-1 (44), sequesterome 1 (SQSTM1/A170/p62) (47) , peroxiredoxin (44) , etc. The critical role of NRF2 in anti-oxidant defense is demonstrated by the fact that macrophages deficient in NRF2 are rendered more vulnerable to toxic electrophiles (44) .
Considering the role of NRF2 as the "master regulator" of anti-oxidant defense and its positive regulation by NO (43), it was important to examine whether the GSTP1 and MRP1 storage and transport system for DNICs is part of the NRF2-controlled cellular defense mechanism against elevated endogenous NO in activated macrophages. For the first time, we demonstrate the existence of the GSTP1/MRP1 integrated storage and transport system in two well characterized murine macrophage models (i.e. J774 and RAW 264.7 cells) and its crucial role in preventing self-inflicted NO-mediated cytotoxicity. 59 Fe Release from Activated RAW 264.7 and J744 Macrophages Is Markedly Reduced by Mrp1 Silencing-To evaluate the role of MRP1 in 59 Fe release from activated macrophages, we used the RAW 264.7 and J774 cell types, which become activated and generate NO via iNOS after incubation with LPS (100 ng/ml) and IFN␥ (50 units/ml) ( Fig. 1 , A-L) (48 -52) . Initially, to assess the role of MRP1 in NO-mediated 59 Fe release from macrophages, RAW 264.7 or J774 cells were transiently transfected with Mrp1 siRNA or, alternatively, control siRNA with no sequence homology to MRP1. These cells were then incubated for 24 h at 37°C with 59 Fe-transferrin ( 59 Fe-Tf; 0.75 M) to physiologically label intracellular iron pools (22, 23, 53, 54) . After this, 59 Fe-labeled cells were then subsequently stimulated by incubation for up to 24 h at 37°C with LPS (100 ng/ml) and IFN␥ (50 units/ml), and 59 Fe release was assessed during this incubation at 0, 4, 8, and 24 h at 37°C. The generation of nitrite (a product of NO oxidation) as a function of time was simultaneously measured as an indication of iNOS activation (49) .
Results

NO-induced
Initially, to assess MRP1 expression under these conditions, immunoblotting was performed ( Fig. 1, A and B) . When RAW 264.7 and J774 macrophages were activated with LPS and IFN␥ (hereafter referred to as the "activated" RAW 264.7 and J774 macrophages) and transfected with negative control siRNA, there was a time-dependent increase in MRP1 expression ( Fig.  1, A and B) . These observations regarding MRP1 were consistent with the studies of Silverstein et al. using RAW 264.7 macrophages (55). However, these authors did not assess the role of MRP1 in the integrated GSTP1-MRP1 NO storage and transport system. Transfection of RAW 264.7 and J774 macrophages with Mrp1 siRNA almost totally inhibited MRP1 expression at all time points ( Fig. 1, A and B) .
Assessing 59 Fe efflux under these conditions, both cell types transfected with control siRNA exhibited a time-dependent increase in cellular 59 Fe release ( Fig. 1, C and D) , indicating that activation with LPS and IFN␥ induced cellular 59 Fe mobilization. However, the stimulatory effect of LPS and IFN␥ on 59 Fe efflux was markedly and significantly (p Ͻ 0.001-0.01) attenuated in cells transfected with Mrp1 siRNA relative to the control siRNA at all time points (i.e. 4 -24 h at 37°C; Fig. 1 , C and D). Thus, as demonstrated for a variety of tumor cell types after exogenous or endogenous NO generation (22, 23) , these results for the first time indicate that 59 Fe release from activated macrophages occurs, at least in part, via MRP1. Significantly, this effect was also observed using another specific Mrp1 siRNA (see under "Experimental Procedures"), which demonstrated comparable suppression of both MRP1 and 59 Fe efflux (data not shown).
To ascertain that the decrease observed in 59 Fe efflux from the Mrp1 siRNA-treated cells (Fig. 1 , C and D) was a direct result of the suppression of MRP1 expression, and not due to inadvertent and nonspecific inhibition of iNOS, the generation of nitrite in the overlying media of RAW 264.7 and J774 cells was evaluated ( Fig. 1, E and F) . Importantly, despite the pronounced decrease of 59 Fe efflux from cells incubated with Mrp1 siRNA (Fig. 1, C and D) , there was no significant (p Ͼ 0.05) difference in nitrite levels between the control siRNA and Mrp1 siRNA-treated cells (Fig. 1, E and F) . This observation suggested that iNOS activity was unaffected by Mrp1 silencing, a conclusion also supported by immunoblotting studies that demonstrated that Mrp1 silencing did not significantly (p Ͼ 0.05) affect iNOS expression (see below and Fig. 2, A and B) .
To determine the effect of endogenously generated NO on nitrite generation, studies were conducted using activated RAW 264.7 and J774 macrophages co-incubated with the well characterized NOS inhibitor, L-N G -nitroarginine methyl ester hydrochloride (L-NAME; 4 mM) (56, 57) and LPS/IFN␥ for 4 -24 h at 37°C (Fig. 1 , E and F). In these experiments, L-NAME markedly and significantly (p Ͻ 0.001) abrogated the ability of activated RAW 264.7 ( Fig. 1E ) and J774 ( Fig. 1F ) to generate nitrite. These results indicate the nitrite detected in the supernatants from activated macrophages was NOS-dependent and that Mrp1 silencing did not affect iNOS activity.
To assess the role of NO in the 59 Fe release observed from activated RAW 264.7 and J774 macrophages ( Fig. 1 , C and D), these cells were co-incubated in the presence and absence of L-NAME (4 mM) and/or LPS/IFN␥ for 24 h at 37°C (Fig. 1 , G and H). Incubation with L-NAME led to a pronounced and significant (p Ͻ 0.001) suppression in the ability of activated RAW 264.7 and J774 macrophages to efflux 59 Fe (Fig. 1, G and H) . These results demonstrate that activation of iNOS by LPS and IFN␥ plays a role in NO-mediated 59 Fe efflux from these activated macrophages. Notably, in the absence of stimulation with LPS and IFN␥, 59 Fe release from both RAW 264.7 and J774 cells after a 24-h incubation was approximately half that observed from their activated counterparts ( Fig. 1, G and H) . Furthermore, this 59 Fe release under non-stimulated conditions could not be inhibited with L-NAME ( Fig. 1 , G and H). Hence, 59 Fe release can occur from the control untreated RAW 264.7 and J774 cells by another mechanism that is NO-independent. This could be due to iron efflux via another carrier in these nonactivated macrophages that is independent of NO and has been reported to play a role in iron efflux in many other cell types (58 -60) .
As an additional assessment of the function of MRP1 in NOmediated 59 Fe efflux from activated RAW 264.7 and J774 macrophages, studies then examined the effect of the specific MRP1 inhibitor, MK571 ( Fig. 1 , I and J) (61) . Similar to the results observed with Mrp1 siRNA shown in Fig. 1 , C and D, incubation with MK571 (20 M) resulted in a marked and significant (p Ͻ 0.001-0.01) decrease in 59 Fe efflux from both activated RAW 264.7 and J774 cells ( Fig. 1, I and J) , suggesting a role of MRP1 in 59 Fe mobilization. Collectively, these results in Fig. 1 , A-J, demonstrate that MRP1 plays a role in NO-mediated 59 Fe efflux from both RAW 264.7 and J774 macrophages.
Mrp1 Silencing Leads to DNIC Accumulation in Activated RAW 264.7 Cells-Having examined the role of MRP1 in NOmediated 59 Fe release from activated RAW 264.7 and J774 macrophages ( Fig. 1 , A-J), it was important to determine the role of this transporter in intracellular DNIC distribution. Previous EPR studies from our laboratories demonstrated that inhibition of MRP1 transport activity by MK571 and other inhibitors of this protein led to DNIC accumulation in tumor cells incubated with exogenous NO donors (22, 23) . Notably, EPR performed at 77 K provides a definitive "atomic fingerprint" of the presence of DNICs within cells (19) .
Thus, considering that activated macrophage-generated NO elicits 59 Fe release via MRP1 ( Fig. 1 , A-J), EPR spectroscopy was used to examine whether siRNA-mediated silencing of MRP1 expression in macrophages results in intracellular DNIC accumulation upon stimulation with LPS and IFN␥ ( Fig. 1 , K and L). Briefly, in these studies, RAW 264.7 cells transiently transfected with siRNA specific for Mrp1 or control siRNA were stimulated using LPS and IFN␥ for 16 h at 37°C, before being harvested and analyzed using EPR at 77 K. Both the Mrp1 siRNA and control siRNA-treated RAW 264.7 cells exhibited the typical EPR signal at g ϭ 2.04 that is unique for DNICs ( Fig. 1K) (18, 19) . However, importantly, the intensity of the signal in cells transfected with Mrp1 siRNA was significantly (p Ͻ 0.05) greater when compared with the cells treated with control siRNA (Fig. 1 , K and L). These results are consistent with suppression of MRP1 expression ( Fig. 1L , inset) preventing DNIC transport out of cells, leading to a decrease in 59 Fe efflux (Fig.  1C ), which then results in intracellular DNIC accumulation ( Fig. 1L) . Similar results were observed with activated J774 macrophages (data not shown). Hence, these EPR studies dem- were transiently transfected with siRNA specific for Mrp1 or control siRNA, and MRP1 levels were assessed by Western blotting analysis. RAW 264.7 cells (C) and J774 cells (D) were transiently transfected with Mrp1 siRNA or control siRNA. The cells were then labeled with 59 Fe-Tf (0.75 M) for 24 h at 37°C, washed on ice, and re-incubated with media containing LPS (100 ng/ml) and IFN␥ (50 units/ml) for 0, 4, 8, and 24 h at 37°C, and cellular 59 Fe release was assessed. Results are mean Ϯ S.D. (three experiments). RAW 264.7 cells (E) and J774 cells (F) as treated in C and D and nitrite were measured in the overlying media as a function of incubation time (4 -24 h at 37°C). As a negative control, cells treated with control siRNA were stimulated with LPS (100 ng/ml) and IFN␥ (50 units/ml) for 0, 4, 8, and 24 h at 37°C h in the presence or absence of the NOS inhibitor, L-NAME (4 mM). Concentrations of nitrite in the incubation media were then determined (see "Experimental Procedures"). RAW 264.7 cells (G) and J774 cells (H) were labeled with 59 Fe-Tf (0.75 M) for 24 h at 37°C, washed on ice, and re-incubated with media containing LPS (100 ng/ml) and IFN␥ (50 units/ml) in the presence or absence of L-NAME (4 mM) for 24 h at 37°C. The release of 59 Fe from cells was then determined as described under "Experimental Procedures." RAW 264.7 cells (I) and J774 cells (J) were labeled with 59 Fe-Tf (0.75 M) for 24 h at 37°C, washed on ice, and incubated with media in the presence or absence of the MRP1 inhibitor, MK571 (20 M), for 30 min at 37°C. Subsequently, the media were aspirated, and the cells were re-incubated with media containing LPS (100 ng/ml) and IFN␥ (50 units/ml) in the presence or absence of MK571 (20 M) for 0, 4, 8, and 24 h at 37°C, and the release of cellular 59 Fe was assessed. Results are mean Ϯ S.D. (three experiments). K, low temperature (77 K) EPR spectra of RAW 264.7 (10 10 cells) transiently transfected with Mrp1 siRNA or control siRNA that were stimulated with LPS (100 ng/ml) and IFN␥ (50 units/ml) for 16 h at 37°C. L, quantification of EPR signals from K. EPR signal intensity is represented as normalized peak height in arbitrary units. The inset in L demonstrates MRP1 protein expression in cells transfected with Mrp1 siRNA compared with control siRNA. Results are typical blots from three experiments, and the quantification represents mean Ϯ S.D. (three experiments). *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001 relative to the control; ###, p Ͻ 0.001 relative to LPS/IFN␥. onstrate that MRP1 plays a role in the efflux of the DNIC, which consists of iron and NO. Taken together, these studies in Fig. 1 , A-L, demonstrate that endogenous NO generated by activated macrophages leads to the formation of intracellular DNICs and that MRP1 plays an important role in their release out of these cells resulting in 59 Fe efflux. Fig. 1 , C and D, we demonstrated that silencing of MRP1 expression resulted in substantially reduced 59 Fe release from activated macrophages without affecting nitrite production ( Fig. 1 , E and F). Considering these results, we further examined the mechanism involved in endogenous NO-mediated 59 Fe efflux from activated macrophages. As iNOS is a crucial enzyme involved in NO generation, we examined the effect of Mrp1 silencing on iNOS protein expression in RAW 264.7 ( Fig. 2A ) and J774 ( Fig. 2B ) macrophages activated over a period of 4 -24 h at 37°C.
Silencing Mrp1 Expression Has No Effect on LPS and IFN␥induced iNOS Activation-In
As demonstrated in Fig. 1, A and B , in cells incubated with control siRNA, MRP1 expression increased as a function of activation time up to 24 h, while MRP1 expression was totally FIGURE 2. Silencing Mrp1 has no effect on iNOS expression but leads to alterations in GSTP1, FPN1, and NRF2 protein expression in activated macrophages. RAW 264.7 cells and J774 cells were transiently transfected with siRNA specific for Mrp1 or control siRNA. The cells were then stimulated with LPS (100 ng/ml) and IFN␥ (50 units/ml) for 0, 4, 8, and 24 h at 37°C before the cells were harvested. Western blotting analyses were performed for RAW 264.7 cells (A) and J774 cells (B) to assess the expression of MRP1, iNOS, GSTP1, NRF2, and FPN1. Blots are typical of three experiments, and densitometry is mean Ϯ S.D. (three experiments). *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001 relative to the control siRNA at the same time point. ablated by Mrp1 siRNA at all time points in RAW 264.7 and J774 cells (Fig. 2, A and B) . In agreement with the increased nitrite levels in activated Mrp1-treated and control siRNAtreated RAW 264.7 and J774 cells ( Fig. 1 , E and F), there was also a comparable increase in iNOS expression as a function of time under both conditions (Fig. 2, A and B) . Notably, throughout all studies, iNOS expression peaked at either 8 or 24 h during activation, and this varied between individual experiments. Nonetheless, in Fig. 2, A and B , iNOS increased as a function of time up to 24 h in the presence of control or Mrp1 siRNA. This clearly demonstrated that effective suppression of MRP1 expression by siRNA in RAW 264.7 and J774 macrophages does not significantly (p Ͼ 0.05) affect iNOS expression, or NO generation, as also indicated by nitrite production (Fig. 1, E and F) .
Silencing Mrp1 Expression Alters GSTP1 Expression in Activated Macrophages-Our laboratory has previously shown that MRP1 can form an integrated NO transport and storage system with GSTP1 to protect human neoplastic cells from NO-mediated cytotoxicity (23, 62, 63) . However, the mechanisms of interaction between these two molecules have not been examined in cells endogenously generating large quantities of NO, such as macrophages. Thus, in this study, the effect of Mrp1 silencing on GSTP1 expression was assessed in RAW 264.7 and J774 macrophages.
Interestingly, the effect of incubation of both cell types with LPS and IFN␥ on GSTP1 expression was different after Mrp1 silencing relative to control siRNA-treated cells (Fig. 2, A and  B) . In the control siRNA-treated cells, GSTP1 expression peaked at 8 h of incubation with LPS and IFN␥ and then decreased at the 24-h time point in both cell types. In contrast to control siRNA-treated cells, GSTP1 expression decreased steadily over the 24-h incubation in Mrp1 siRNA-treated cells.
The most notable difference in GSTP1 expression between the control siRNA and Mrp1 siRNA-treated cells was that GSTP1 levels were significantly (p Ͻ 0.01-0.05) greater at the 0-h time point after incubation with Mrp1 siRNA (Fig. 2, A and  B) . This latter observation at 0 h suggests that a reciprocal relationship may exist between the expression of MRP1 and GSTP1 that could be important in terms of the roles of these partner proteins in detoxification (23, 26 -28) , i.e. silencing of Mrp1, which transports DNICs out of cells (22, 23) , could lead to a compensatory increase in GSTP1 that binds and stores intracellular DNICs (23, 37) . Evidence for such a relationship was also demonstrated in murine embryonic fibroblasts (MEFs) from Mrp1 knock-out mice, where there was a marked and significant (p Ͻ 0.001) increase in GSTP1 expression relative to wild-type MEFs (data not shown). Conversely, MEFs from Gstp1/2 knock-out mice demonstrate a pronounced and significant (p Ͻ 0.001) up-regulation of MRP1 relative to wild-type MEFs (data not shown).
Mrp1 Silencing Leads to a Delay in NRF2 Expression in Activated Macrophages-Apart from the cooperative coordinate expression observed between MRP1 and GSTP1, both these proteins are positively controlled by NRF2 (41, 64) , a crucial redox-sensitive transcription factor that can be activated by NO (65) . These previous findings support the hypothesis that MRP1 and GSTs are part of the cellular response to protect macrophages from NO-inflicted oxidative stress. Thus, it was important to examine the expression of NRF2 in Mrp1-silenced J774 and RAW 264.7 macrophages after activation with LPS and IFN␥.
For activated RAW 264.7 and J774 cells treated with control siRNA, NRF2 expression peaked after an 8-h incubation and then decreased to near basal levels at 24 h (Fig. 2, A and B) . This increase in NRF2 levels is consistent with previous studies examining its expression after macrophage activation (66) . In contrast, the increase in NRF2 expression in Mrp1 siRNA-treated cells was delayed and did not peak at 8 h; instead expression continued to increase up to 24 h (Fig. 2, A and B) . In the absence of MRP1, both activated RAW 264.7 cells and J774 cells displayed significantly (p Ͻ 0.001) higher levels of NRF2 after a 24-h incubation relative to cells treated with control siRNA (Fig. 2, A and B) . This alteration to NRF2 in response to Mrp1 silencing may suggest a change in redox balance due to altered NO and iron metabolism resulting from a disturbance in the GSTP1/MRP1 storage and transport system. Surprisingly, despite the delay and marked increase in NRF2 expression after a 24-h incubation in Mrp1 siRNA-treated macrophages ( Fig. 2, A and B) , GSTP1, which is positively regulated by NRF2 (42) , was decreased at 24 h relative to the 0-h time point. This observation suggests an additional NRF2-independent mechanism of regulating GSTP1.
Ferroportin 1 Expression Is Markedly Up-regulated in Response to Mrp1 Silencing-Considering the delayed up-regulation of NRF2 after Mrp1 silencing in activated macrophages (Fig. 2, A  and B) , studies then assessed the effect of Mrp1 siRNA on another NRF2 downstream target, namely ferroportin 1 (FPN1) (67, 68) . Examination of FPN1 expression was of particular interest, as it is up-regulated by NRF2 (67, 68) and NO (69) and is a well known iron exporter (70) . In these studies, RAW 264.7 cells and J774 cells treated with control siRNA displayed a timedependent increase in FPN1 expression when stimulated with LPS and IFN␥ (Fig. 2, A and B) . However, after Mrp1 silencing, there was a pronounced and significant (p Ͻ 0.001-0.05) increase in FPN1 expression relative to the control siRNAtreated cells at all time points. In fact, after a 24-h incubation, FPN1 expression was 1.6 -4.4-fold greater (p Ͻ 0.001) in Mrp1-silenced cells relative to those treated with control siRNA (Fig. 2, A and B) . Importantly, it is notable that despite the pronounced increase in FPN1 expression after Mrp1 silencing (Fig. 2, A and B) , 59 Fe efflux was decreased in these activated macrophages (Fig. 1, C and D) . These data again suggest that 59 Fe release is mediated by MRP1 and not FPN1 in these NO-generating cells.
In conclusion, the results in Fig. 2 indicate that Mrp1 silencing in macrophages results in no change in iNOS expression but leads to increased NRF2 and FPN1 levels. Furthermore, despite the marked increase in FPN1 expression after Mrp1 silencing, 59 Fe release was decreased, indicating the critical role of MRP1 in NO-mediated 59 Fe efflux.
Gstp1 Silencing Leads to Marked Up-regulation of MRP1 Protein Expression in Activated Macrophages-The data in Fig. 2 demonstrate that Mrp1 silencing altered the levels and kinetics of GSTP1 expression in activated RAW 264.7 and J774 macrophages. Considering these results, studies then assessed the effect of silencing Gstp1 in these cell types (Fig. 3, A and B) . As DECEMBER 30, 2016 • VOLUME 291 • NUMBER 53
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shown in Fig. 2 , A and B, after incubation with LPS and IFN␥, GSTP1 expression increased as a function of time up to an 8-h incubation and then decreased in the control siRNA-treated cells (Fig. 3, A and B) . However, silencing Gstp1 resulted in a marked and significant (p Ͻ 0.001-0.05) decrease in its expression after 4 and 8 h in both cell types, but this did not significantly (p Ͼ 0.05) affect iNOS expression relative to treatment with control siRNA (Fig. 3, A and B) . In contrast, Gstp1 silenc-ing significantly (p Ͻ 0.001-0.05) increased MRP1 expression relative to control siRNA-treated cells up to an 8-h incubation and then decreased. These latter data further demonstrate the inverse relationship between GSTP1 and MRP1 expression shown in Fig. 2, A and B .
Similarly to Mrp1 silencing, Gstp1 silencing in both macrophage cell types led to a significant (p Ͻ 0.01-0.05) increase in NRF2 protein expression at 4 and 8 h, suggesting alterations in GSTP1 expression led to changes in cellular redox state potentially due to the loss of DNIC storage capacity in GSTP1 (23, 37) . Interestingly, similarly to Mrp1 silencing (Fig. 2, A and B) , Gstp1 silencing significantly (p Ͻ 0.001-0.05) increased FPN1 expression relative to control siRNA-treated cells from 4 to 24 h ( Fig. 3, A, and B) . In summary, these data demonstrate the inverse relationship between GSTP1 and MRP1 expression. It is also relevant to note that as found for Mrp1 silencing, both FPN1 and NRF2 expression were up-regulated by Gstp1 silencing.
Gstp1 Silencing Results in Enhanced 59 Fe Efflux from Activated Macrophages-In this study, we showed that endogenous NO generated by iNOS in activated macrophages elicits 59 Fe release via MRP1 (Fig. 1, C-J) and that MRP1 expression is enhanced by Gstp1 silencing (Fig. 3, A and B) . Interestingly, we previously demonstrated in neoplastic cells that GSTP1 directly binds DNICs, which then prevents NO-induced iron release via MRP1 (23) . In contrast, Gstp1 silencing reduces DNIC binding and results in increased iron release via MRP1 (23). These results and others (23) demonstrated that GSTP1 bound DNICs to inhibit their efflux via MRP1 from human tumor cells. Considering this, and the possible effect of Gstp1 silencing in macrophages on iron release experiments, we then examined the effect of decreasing GSTP1 expression on cellular 59 Fe efflux (Fig. 4, A and B) .
Examining RAW 264.7 and J774 cells after Gstp1 siRNA treatment, there was a significant (p Ͻ 0.001-0.05) increase in 59 Fe efflux after a 8 to 24-and 4 to 24-h incubation with LPS and IFN␥, respectively, relative to control siRNA (Fig. 4, A and B) . These results were in agreement with the decrease in GSTP1 expression and increased MRP1 levels after Gstp1 silencing (Fig. 3, A and B) . Furthermore, Gstp1 silencing resulted in no significant (p Ͼ 0.05) alteration in nitrite generation by RAW 264.7 and J774 cells relative to the control siRNA ( Fig. 4, C and  D) . This observation was directly consistent with the fact that Gstp1 silencing did not significantly (p Ͼ 0.05) affect iNOS expression ( Fig. 3, A and B) . Together with the results in Fig. 1 , the studies in Figs. 3 and 4 strongly support the hypothesis that the integrated GSTP1 and MRP1 storage and transport system for DNICs in tumor cells (23) is also functional in activated macrophages.
Nrf2 Silencing Leads to Increased iNOS Expression but a Marked Decrease in MRP1, GSTP1, and FPN1 Expression in Activated Macrophages-As mentioned previously, Mrp1, Gstp1, and Fpn1 are downstream targets of the transcription factor NRF2 (41, 42, 67) . Considering this in conjunction with the fact that Mrp1 silencing led to an alteration in the kinetics and levels of NRF2 expression in activated macrophages (Fig. 2,  A and B) , studies then assessed the effect of Nrf2 silencing on iNOS, MRP1, GSTP1, and FPN1 expression ( Fig. 5, A and B) . Interestingly, Nrf2 silencing resulted in a marked and significant (p Ͻ 0.001-0.05) increase in iNOS expression after a 4 to 24-and 4 to 8-h incubation with LPS and IFN␥ in RAW 264.7 and J774 cells, respectively, relative to control siRNA (Fig. 5 , A 
and B).
A similar result has also been reported in alveolar macrophages from Nrf2 knock-out mice (46, 71) . In activated RAW 264.7 and J774 cells, silencing of Nrf2 led to a marked and significant (p Ͻ 0.001-0.05) decrease in MRP1, GSTP1, and FPN1 expression relative to the control siRNA at incubations from 4 to 24 h (Fig. 5, A and B) . These responses probably occurred as the genes encoding these proteins are downstream targets of NRF2 (41, 42, 67, 68). Furthermore, considering that Mrp1 or Gstp1 silencing led to alterations in the kinetics and levels of NRF2 expression in macrophages (Figs. 2, A and B, and 3, A and B) , these observations suggest interrelationships via the redox effects of NO. These data support the hypothesis that GSTP1 and MRP1 are part of the novel integrated NO storage and transport mechanism in macrophages that are expressed as part of the NRF2 response to redox imbalance. Nrf2 Silencing Results in a Decrease in 59 Fe Efflux and an Increase in Nitrite Production from Activated Macrophages-Considering that MRP1 and GSTs form an integrated NO transport and storage system (23, 62, 63) and that both are positively regulated by NRF2 (Fig. 5, A and B) (41, 42) , it was important to examine the role of silencing Nrf2 on cellular 59 Fe release in activated RAW 264.7 and J774 macrophages. In macrophages with suppressed NRF2 expression, the extent of 59 Fe efflux was significantly (p Ͻ 0.001-0.01) reduced after incubations with LPS and IFN␥ from 4 to 24 h compared with control siRNA-treated cells (Fig. 6, A and B) . This effect occurred despite the marked increase in iNOS levels in these activated RAW 264.7 and J774 macrophages (Fig. 5, A and B) and concomitant increase in nitrite production (Fig. 6, C and  D) . The decrease in 59 Fe efflux after Nrf2 silencing (Fig. 6, A and  B) is probably due to the reduction in MRP1 expression ( Fig. 5,  A and B) as this transporter is involved in NO-mediated iron release (22, 23, 70, 72) , and silencing its expression or inhibiting its activity blocks NO-induced iron efflux ( Fig. 1, C, D, I, and J) . Moreover, the marked decrease in cellular 59 Fe release after Mrp1 silencing occurred (Fig. 1, C and D) despite the pronounced up-regulation of FPN1 expression (Fig. 2, A and B) , further suggesting that the iron exporter, FPN1, was not involved in NO-mediated 59 Fe release.
Inhibition of iNOS Suppresses Effects of LPS and IFN␥ on MRP1, NRF2, FPN1, and GSTP1 in Macrophages-The studies above (Figs. 1-3 and 5) demonstrated there was a time-dependent increase in the expression of MRP1, iNOS, NRF2, FPN1, and GSTP1 in control macrophages activated with LPS and IFN␥. To ascertain the role of iNOS activation and subsequent NO production in the expression of these proteins, studies were initiated using a well characterized NOS inhibitor, namely L-NAME (73) . Notably, inhibition of iNOS activity by L-NAME (4 mM) resulted in a significant (p Ͻ 0.001-0.05) reduction in the time-dependent increase in MRP1, NRF2, FPN1, and GSTP1 expressions in both activated RAW 264.7 and J774 macrophages (Fig. 7, A and B) . These studies showed that NO generation in these cell types plays a major role in the regulation of these proteins after incubation with LPS and IFN␥. However, it is notable that L-NAME did not significantly (p Ͼ 0.05) affect iNOS expression relative to the control (Fig. 7, A and B) . This observation was in good agreement with other studies using rodent macrophages where inhibition of iNOS using L-NAME or N G -monomethyl-L-arginine had no effect on its expression (74) . Collectively, the results in Fig. 7, A and B , demonstrate an important role of iNOS activation and subsequent NO production by activated macrophages in the regulation of the integrated GSTP1/MRP1 NO storage and transport system.
Fpn1 Silencing Leads to Increased MRP1, GSTP1, and NRF2 Expression-As described earlier, apart from MRP1 and GSTP1, NRF2 is also known to regulate FPN1, a well known iron exporter (67, 68) that is up-regulated in the presence of NO (69) . FPN1 is the major iron exporter (70) , and in contrast, MRP1 has been implicated specifically in NO-induced iron efflux from tumor cells (22, 23) and herein from activated DECEMBER 30, 2016 • VOLUME 291 • NUMBER 53 macrophages ( Fig. 1, C, D, I, and J) . Hence, it was important to further dissect the relative roles of FPN1 and MRP1 in iron transport from LPS and IFN␥-activated macrophages. Furthermore, the effect of Fpn1 silencing on the expression levels of GSTP1, NRF2, and iNOS was also examined (Fig. 8, A  and B) .
Nitric Oxide Storage and Transport and Macrophage Cytotoxicity
As shown in Figs. 2, 3 , 5, and 7, FPN1 expression increased as a function of time after incubation with control siRNA in acti-vated RAW 264.7 and J774 cells, whereas Fpn1 silencing markedly and significantly (p Ͻ 0.001-0.05) reduced FPN1 expression from 0 to 24 h (Fig. 8, A and B) . Interestingly, Fpn1 silencing resulted in a significant (p Ͻ 0.001-0.05) increase in both MRP1 and GSTP1 levels at incubation times from 0 to 24 h (Fig. 8, A and B) . In addition, NRF2 expression was also significantly (p Ͻ 0.01-0.05) up-regulated by Fpn1 siRNA from 0 to 24 h relative to control siRNA-treated macrophages (Fig. 8, A   FIGURE 7 . Incubation of activated macrophages with the NOS inhibitor, L-NAME, decreases expression of MRP1, NRF2, FPN1, and GSTP1. RAW 264.7 cells (A) and J774 cells (B) were stimulated with LPS (100 ng/ml) and IFN␥ (50 units/ml) for 0, 4, 8, and 24 h at 37°C in the presence or absence of L-NAME (4 mM). Western blotting analyses were performed to assess the expression of MRP1, iNOS, NRF2, FPN1, and GSTP1. Blots are typical of three experiments, and densitometry is mean Ϯ S.D. (three experiments). *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001 relative to the control (no L-NAME) at the same time point. and B). In contrast, there was no significant (p Ͼ 0.05) alteration in iNOS expression between control and Fpn1 siRNA-treated cells. In summary, Fpn1 silencing suggested an inverse relationship between its expression and the levels of MRP1 and GSTP1.
FPN1 Is Not Involved in NO-induced 59 Fe Release from Activated Macrophages-There was no significant (p Ͼ 0.05) effect on cellular 59 Fe efflux after silencing Fpn1 relative to control siRNA in activated RAW 264.7 and J774 macrophages (Fig. 9, A  and B) . Together with Fig. 1, C, D, I, and J, these data indicate that FPN1 is not responsible for NO-induced 59 Fe release from these activated macrophages. Critically, by assessing Fig. 8, A  and B , it could be suggested that Fpn1 silencing should lead to an increase in cellular 59 Fe release due to the increase in MRP1 expression. However, it is notable that Fpn1 silencing also leads to marked up-regulation of GSTP1 (Fig. 8, A and B) , and it is DECEMBER 30, 2016 • VOLUME 291 • NUMBER 53 known that GSTP1 expression inhibits NO-mediated 59 Fe efflux via MRP1 (Fig. 4, A and B) through the direct binding of DNICs (23, 37) . Hence, the lack of an increase in cellular 59 Fe efflux after Fpn1 silencing, despite the increase in MRP1 expression, could be due to the marked up-regulation of GSTP1 expression.
Notably, there were no significant (p Ͼ 0.05) differences in nitrite generation between cells treated with control siRNA or Fpn1 siRNA (Fig. 9, C and D) . These data are in agreement with the comparable iNOS expression between control siRNA and the Fpn1 siRNA-treated RAW 264.7 and J774 macrophages in Fig. 8, A and B . Collectively, these data indicate that NO-induced 59 Fe efflux from macrophages is not via the iron transporter FPN1.
Mrp1 and Gstp1 Silencing Decrease Cellular Viability of Activated Macrophages-Considering the studies above demonstrating the crucial role of GSTP1 and MRP1 in NO storage and transport in activated RAW 264.7 and J774 macrophages, we then examined the effects of silencing their expression on cellular viability after activation (Fig. 10, A-D) . Both activated RAW 264.7 and J774 cells transfected with siRNA specific for Mrp1 displayed a significant (p Ͻ 0.001) 15-42% decrease in cellular viability after incubations of 4 -24 h relative to cells incubated with control siRNA (Fig. 10, A and B) .
A similar significant (p Ͻ 0.001) decrease in viability was observed after 4 -24 h when both activated RAW 264.7 and J774 cells were transfected with siRNA specific for Gstp1 relative to control siRNA (Fig. 10, C and D) . Importantly, and in marked contrast, transfection of non-activated RAW 264.7 and J774 macrophages with Mrp1 or Gstp1 siRNA led to no significant (p Ͼ 0.05) change in cellular viability (results not shown), suggesting the role of NO in the cytotoxicity observed. Furthermore, co-incubation of activated macrophages with the NOS inhibitor, L-NAME, significantly (p Ͻ 0.001-0.05) abrogated the cytotoxic effect of silencing Mrp1 or Gstp1 (Fig. 10, A-D) . In contrast, the addition of L-NAME to cells transfected with control siRNA had no significant (p Ͼ 0.05) effect on the viability of macrophages (data not shown).
Collectively, these results indicate the important role of MRP1 and GSTP1 in protecting activated macrophages against NO-mediated cytotoxicity. These data are also consistent with our previous investigation using human MCF7 breast cancer cells hyper-expressing GSTP1 and MRP1 that were resistant to exogenous NO relative to MCF7 cells expressing basal levels of these proteins (23) .
Nrf2 Silencing Decreases Cellular Proliferation and Survival in Activated Macrophages-The results in Fig. 10 , A-D, indicate MRP1 and GSTP1 play vital cyto-protective roles in activated RAW 264.7 and J774 macrophages. Considering these proteins were up-regulated upon LPS and IFN␥ activation (Figs. 2, A and B, 3, A and B) and that NRF2 is known to transcriptionally induce MRP1 and GSTP1 (41, 42) , studies then investigated the effect of Nrf2 silencing on the survival of activated macrophages (Fig. 10, E and F) . The silencing of NRF2 expression in activated RAW 264.7 and J774 macrophages led to a significantly (p Ͻ 0.001) lower percentage (60 -80% of the control) of cellular viability after a 4 to 24-h incubation. Furthermore, the cytotoxic effect of silencing Nrf2 in activated macrophages was ablated by the NOS inhibitor, L-NAME (Fig. 10, E and F) , suggesting the cytotoxic role of NO in the decreased survival observed. Again, the addition of L-NAME to cells transfected with control siRNA had no significant (p Ͼ 0.05) effect on macrophage viability (data not shown).
These results demonstrate that NRF2 up-regulation in activated macrophages (Fig. 5) is part of the machinery to ensure cell survival. This pro-survival effect of NRF2 may be mediated, at least in part, via its role in up-regulating the downstream targets GSTP1 and MRP1 (Fig. 5 ). Taken together, these results in Fig. 10 , A-F, demonstrate that NRF2 and its downstream targets, MRP1 and GSTP1, are important for macrophage survival after cellular activation. 
Discussion
We have previously described a novel integrated NO storage and transport mechanism facilitated by GSTP1 and MRP1 that renders human neoplastic cells more resistant to the cytotoxic effects of NO (23) . For the first time, we report the existence of this integrated NO storage and transport system in activated macrophages and its novel role in protecting these "professional killer" cells from endogenously generated NO (Fig. 11 ). Indeed, Hickok et al. (20) demonstrate that DNICs form the largest proportion of all NO adducts. Thus, appropriate mechanisms such those mediated by GSTP1 and MRP1 are critical to regulate intracellular DNIC levels and also prevent their cytotoxicity.
The function of this system in NO metabolism parallels the role of GSTs and MRP1 in acting as a coordinate unit that prevents the cytotoxicity of chemotherapeutics such as doxorubicin, etc., in cancer cells (27, 28) . In this case, GSTs act to catalyze conjugation of GSH to xenobiotic substrates to effect detoxification (26 -28, 34) . The GSH conjugates can then be effectively transported out of the cell via MRP1 to prevent cytotoxicity (40) . In terms of the integrated NO storage and transport system, GSTP1 can directly bind DNICs (composed of a complex of iron, NO, and GSH) via Tyr-7, which coordinates to the iron atom through its phenolate group by displacing a GSH ligand (37) . Moreover, GSTP1 expression leads to the accumulation of intracellular DNICs that can prevent NO-mediated iron release via MRP1 (23) .
It is well known that FPN1 plays a role in the release of iron from cells (70), but our current studies using macrophages and previous investigations implementing neoplastic cell types indicate that NO-induced iron release is different and occurs via MRP1 (22, 23) . Indeed, evidence for a role of MRP1 in the integrated NO storage and transport system in activated macrophages includes the following: 1) increased MRP1 expression upon macrophage activation (Fig. 1, A and B) ; 2) the inhibition of NO-induced 59 Fe release by Mrp1 siRNA or the specific MRP1 inhibitor MK571 ( Fig. 1, C, D, I, and J) ; and 3) the accumulation of intracellular DNICs in activated macrophages upon silencing Mrp1 (Fig. 1, K and L) . It is also notable that DNICs accumulate intracellularly, and iron release is suppressed after Mrp1 silencing despite marked up-regulation of the iron transporter FPN1 (Fig. 2, A and B) , suggesting that FPN1 is not involved in NO-mediated iron release. Furthermore, silencing Fpn1 in activated macrophages does not affect NO-mediated 59 Fe release (Fig. 9, A and B) , demonstrating that this transporter is not involved in NO-mediated 59 Fe efflux from these cells.
Considering that both MRP1 and FPN1 are involved in iron efflux under different conditions, it is probable that the mechanisms involved in iron efflux by FPN1 and MRP1 are different. For instance, it well known that FPN1 is involved in cellular iron release (70) , and recently it has been demonstrated that the chaperone protein, poly(rC)-binding protein 2 (PCBP2), is involved in transporting intracellular iron to FPN1 for release via a direct interaction with its C terminus (75) . Moreover, MRP1 is known to transport glutathione conjugates (76) , including DNICs composed of glutathione (22, 23) . These differences in the mechanism of iron transport may explain the current observations regarding the efflux of DNICs by MRP1 rather than FPN1. Step 1, stimulation of macrophages by LPS and IFN␥ leads to activation of iNOS, resulting in NO production.
Step 2, because of the high affinity of NO for iron, it then binds iron from iron-sulfur cluster-containing proteins, or the labile iron pool, to form a coordination complex with GSH (i.e. DNIC; step 3).
Step 4, notably, DNICs can be sequestered by GSTP1 and/or effluxed out of the cell via MRP1.
Step 5, similarly, as found for cytotoxic drugs (26 -28) , GSTP1 and MRP1 form a coordinated unit in macrophages to prevent the cytotoxicity of NO as DNICs.
Step 6, notably, NO can also activate NRF2 expression (43) , which in turn increases GSTP1 and MRP1 expression (41, 42) to inhibit NO cytotoxicity by binding DNICs or transporting them out of the macrophage, respectively.
We previously showed that GSTP1 binds and stores DNICs intracellularly in several human tumor cell lines using a variety of techniques (23) . Furthermore, silencing GSTP1 expression resulted in increased NO-induced 59 Fe release (23) . This finding is in good agreement with studies demonstrating that DNICs composed of GSH directly bind to GSTP1 (37) . Notably, in this study, silencing Gstp1 in activated macrophages increased cellular 59 Fe efflux (Fig. 4, A and B) , consistent with a role for GSTP1 in DNIC binding/storage in macrophages.
The coordinated role of MRP1 and GSTP1 expression in activated macrophages and other cell types is suggested by the compensatory up-regulation of GSTP1 when MRP1 expression was silenced and vice versa (Figs. 2, A and B, and 3, A and B) . Furthermore, the importance of MRP1 and GSTP1 in preventing NO-mediated cytotoxicity in activated macrophages is exemplified by the fact that silencing either Mrp1 or Gstp1 by siRNA leads to decreased viability of activated macrophages (Fig. 10, A-D) but not their non-activated counterparts. The role of NO in inducing cytotoxicity after Mrp1 or Gstp1 silencing was demonstrated by using the NOS inhibitor L-NAME (56, 57) .
Previous studies have examined the kinetics of DNIC formation in one of the macrophage cell types used in this investigation (RAW 264.7 macrophages) (20) . Interestingly, there was an initial increase in intracellular DNIC formation in RAW 264.7 macrophages up to a 10-h incubation followed by a steady decrease up to 24 h (20) . These kinetics of cellular DNIC levels are in accordance with our model of the GSTP1/MRP1 NO storage and transport system. In this case, the initial increase in DNICs is consistent with the intracellular reaction of NO with iron pools, although the slow decrease could be due to the efflux of excess DNICs by MRP1.
It is of interest to note that MRP1 and GSTP1 are both positively regulated by NRF2, the master regulator of redox balance in the cell (44 -46, 77) . Silencing of Nrf2 prevented the expression of its downstream targets upon macrophage activation, including MRP1, GSTP1, and FPN1 (Fig. 5, A and B) . This appeared to be a crucial cellular response, as silencing Nrf2 decreased activated macrophage viability probably because of the lack of proteins such as MRP1 and GSTP1 that protect against NO-induced cytotoxicity by transporting and storing DNICs, respectively (Fig. 10, A-D) (23) .
Silencing Nrf2 also increased iNOS expression ( Fig. 5, A and  B) , which is in agreement with studies examining Nrf2 knockout mice, which displayed enhanced iNOS production (46, 71) . The increased iNOS in the Nrf2 knockdown model has been attributed to the higher mortality rate in experimental sepsis (71) and hypersensitivity to LPS-induced neuroinflammation (46) . These results confirm the importance of NRF2 in regulating cellular NO metabolism in macrophages and other cell types and its crucial role in up-regulating the integrated GSTP1 and MRP1 NO storage and transport system that protects these cells.
This study examining activated macrophages enabled a generalized model of NO and its interaction with iron to be proposed (Fig. 11 ). Activation of macrophages using LPS and IFN␥ results in the induction of iNOS that leads to NO generation. The NO generated has been reported to result in the activation of NRF2 and the transcription of downstream effector targets, such as heme oxygenase 1 (78) , NAD(P)H:quinone oxidoreductase 1, and glutamate-cysteine ligase (43) . The high affinity of NO for iron centers in proteins such as iron-sulfur cluster-containing proteins (3) and potentially others, such as iron-chaperone proteins, including the poly(rC)-binding proteins, disturbs their normal functions (e.g. the delivery of iron from PCBP2 to FPN1 (75)) and results in DNIC formation that can be bound by GSTP1 (23, 37) . The binding of DNICs by GSTP1 markedly increases the half-life of NO from less than a second to many hours (38) and could be important for maintaining a pool of bioavailable NO. It is also probable that the storage of DNICs within GSTP1 (37) prevents NO cytotoxicity (Fig. 10 , C and D) (23) . Excess DNIC not bound to GSTP1, or in equilibrium with GSTP1, could be released from cells via MRP1 (22, 23) . Therefore, the effective storage and transport of DNICs by the integrated GSTP1 and MRP1 system are important in terms of preventing macrophage cytotoxicity (Fig. 10, A-D) .
In conclusion, this investigation has demonstrated that MRP1 and GSTP1 form an integrated transport and storage system for NO as DNICs in activated macrophages (Fig. 11 ). This is the first demonstration of the physiological role of this storage and transport unit after endogenous NO generation that protects the macrophage from NO-mediated cytotoxicity.
Experimental Procedures
Tissue Culture-Murine J774.A1 (herein referred to as J774) and RAW 264.7 cells of the macrophage lineage were obtained from the American Type Culture Collection (ATCC; Manassas, VA). All cell lines were maintained at 37°C, in a humidified atmosphere of 5% CO 2 . RAW 264.7 cells were cultured in Roswell Park Memorial Institute medium (RPMI 1640; Life Technologies, Inc.) supplemented with 10% (v/v) FBS, 1% (v/v) non-essential amino acids, 1% (v/v) sodium pyruvate, 2 mM L-glutamine, 100 units/ml penicillin, and 100 g/ml streptomycin (Life Technologies, Inc.). In contrast, J774 cells were grown in Dulbecco's modified Eagle's medium (DMEM; Life Technologies, Inc.) with the same growth supplements as described for RAW 264.7 cells.
To activate RAW 264.7 and J774 cells, a standard protocol was implemented utilizing incubations from 4 to 24 h at 37°C with media containing LPS (100 ng/ml; Sigma) and IFN␥ (50 units/ml; Sigma) (48, 49) . These incubation conditions have previously been shown to maximally induce iNOS, leading to robust NO generation (48, 49) .
MEFs from Mrp1 knock-out mice and their wild-type littermates were obtained from Prof. P. Borst (NKI-AVL, Amsterdam, Netherlands). MEFs from Gstp1/2 knock-out mice and their wild-type counterparts were from Prof. K. Tew (Medical University of South Carolina, Charleston). Cells were grown in DMEM with the same supplements as described above for RAW 264.7 and J774 cells.
siRNA Studies-All siRNAs and the negative control siRNA (control siRNA; catalog no. AM4635) were purchased from Life Technologies, Inc. The siRNAs specific for Mrp1 (catalog no. 4390826, ID S543; catalog no. 4390815, ID S69748), Gstp1 (catalog no. 4390825, ID S194476), Nrf2 (catalog no. 4392421, ID S9492), and Fpn1 (catalog no. 4390815, ID S79377) and the DECEMBER 30, 2016 • VOLUME 291 • NUMBER 53 negative control siRNA (catalog no. AM4635) were used for gene silencing studies in RAW 264.7 macrophages and J774 macrophages. Cells were transiently reverse-transfected with siRNA (100 nM) using Lipofectamine RNAiMax (Life Technologies, Inc.) implementing a 24 to 48-h at 37°C incubation period. After this, a 4 to 24-h at 37°C incubation with LPS (100 ng/ml) and IFN␥ (50 units/ml) was utilized, and the overlying medium from cell culture experiments was assayed for nitrite production. Relevant protein expression was assessed using Western blotting, as described below.
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Western Blotting Analysis-Western blotting analysis was performed (79) using antibodies against GSTP1 (Medical and Biological Laboratories, Nagoya, Japan, catalog no. MBL 231), iNOS (Enzo Life Sciences, New York, catalog no. ADI-KAS-NO001-D), MRP1 (Alexis, San Diego, CA, catalog no. ALX-801-007-C250), NRF2 (Santa Cruz Biotechnology, Dallas, TX, catalog no. sc-722), FPN1 (Alpha Diagnostics, New York, catalog no. MTP11A), and ␤-actin (Sigma; catalog no. A1978). All primary antibodies were used at 1:1,000 dilutions, apart from ␤-actin, which was used at 1:5,000.
Secondary antibodies implemented included the following: horseradish peroxidase (HRP)-conjugated anti-rabbit (Sigma catalog no. A6154), anti-mouse (Sigma catalog no. A4416), and anti-rat (Sigma catalog no. A9037); all were used at 1:10,000. The membranes were developed using chemiluminescent detection (Luminata Crescendo Western HRP Substrate, Millipore, Darmstadt, Germany) and visualized using a Chemidoc (Bio-Rad). Densitometric analysis was performed to quantify the intensities of each band produced using Image Lab Software (Bio-Rad). The relative intensities of target protein bands were normalized to ␤-actin.
Protein Labeling-Apo-transferrin (apo-Tf; Sigma) was labeled with 59 Fe (PerkinElmer Life Sciences) to generate diferric 59 Fe-Tf using established methods (80, 81) . Cellular 59 Fe uptake and release was monitored using a ␥-counter (PerkinElmer Life Sciences). 59 Fe Efflux Studies and siRNA Treatment-RAW 264.7 cells and J774 cells were transfected with siRNA specific for Mrp1, Gstp1, Nrf2, Fpn1, or control siRNA, as described above. The cells were then labeled with 59 Fe-Tf ([iron] ϭ 1.5 M; [Tf] ϭ 0.75 M) for 24 h at 37°C. After that, the cells were washed four times on ice and then incubated for 0, 4, 8, and 24 h at 37°C with LPS (100 ng/ml) and IFN␥ (50 units/ml; Sigma) (48) . The supernatants and cell pellets were then separated and collected in counting tubes for 59 Fe measurement using the ␥-counter above.
Determination of Nitrite Concentration-Accumulation of nitrite in culture media was used as an indicator of iNOS activity in activated macrophages (48, 82) . Briefly, aliquots of medium from treated cells were collected, and nitrite production was quantified using a modified Griess method (83) . Nitrite was also examined by chemiluminescence (Sievers Nitric Oxide Analyzer, NOA 280i; GE Analytical Instruments, Boulder, CO) according to the manufacturer's protocols, as described previously (20, 84) . Both methods gave comparable results. As a negative control, cells were also incubated with the NOS inhibitor (L-NAME (56, 57); 4 mM; Sigma) in the presence of LPS (100 ng/ml) and IFN␥ (50 units/ml). 59 Fe Efflux Studies Using the NOS Inhibitor, L-NAME-RAW 264.7 cells and J774 cells were labeled with 59 Fe-Tf (0.75 M) for 24 h at 37°C, washed on ice, and then re-incubated with either control media or this medium containing LPS (100 ng/ml) and IFN␥ (50 units/ml) in the presence or absence of the NOS inhibitor, L-NAME (4 mM), for 24 h at 37°C. The release of 59 Fe from cells was then determined as described above. 59 Fe Efflux Studies Using the MRP1 Inhibitor MK571-RAW 264.7 cells and J774 cells were initially labeled with 59 Fe-Tf ([Tf] ϭ 0.75 M) for 24 h at 37°C. After this incubation, the cells were washed four times on ice and then incubated with media in the absence or presence of the selective MRP1 inhibitor MK571 (20 M; Sigma) (61, 85), for 30 min at 37°C. This was followed by incubation with either control media or this medium containing LPS (100 ng/ml) and IFN␥ (50 units/ml) in the absence or presence of MK571 (20 M) for 0, 4, 8, and 24 h at 37°C. The supernatants and cells were separated and placed in counting tubes for 59 Fe measurement using the ␥-counter above.
EPR Spectroscopy-RAW 264.7 and J774 cells previously transfected with siRNA targeting Mrp1 or control siRNA, as described above, were treated with LPS (100 ng/ml) and IFN␥ (50 units/ml) for 16 h at 37°C. Cells (1 ϫ 10 10 ) were then harvested and analyzed by low temperature EPR using a Bruker EMX spectrometer with 100 kHz modulation at 77 K, as described in Ref. 22 .
Cell Survival-Cell survival and proliferation were determined using the (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay using standard procedures (86) . The RAW 264.7 cells and J774 cells were transfected with siRNA targeting Mrp1, Gstp1, or Nrf2 and control siRNA, as described above. These cells were then incubated with LPS (100 ng/ml) and IFN␥ (50 units/ml) for 0, 4, 8, and 24 h at 37°C before the cells were incubated with MTT. Direct cell counts using trypan blue demonstrated that there was a direct correlation between MTT color formation and cell number (86) .
Statistics-Results are expressed as mean Ϯ S.D. (number of experiments). Data were compared using Student's t test. Results were considered significant when p Ͻ 0.05.
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